Pipes are important components for well drilling, production, and transportation in petroleum industry. However, due to factors such as vibration, corrosion, fatigue damage, etc., pipes are prone to cracks. This paper presents a novel ACFM probe with flexible sensor array for the inspection of inner and outer cracks in pipes with different diameters. The simulation model of the ACFM probe with flexible sensor array is established by the finite element method. The influences of the crack length and the lift-off on the distance between the Bz peaks and troughs are analyzed respectively. The relationship between the offset distance of the crack from the pickup coil center and the detection sensitivity is studied. The probe made by flexible PCB and the testing system are developed. The experiments are carried out. The results of experiments and simulations show that the probe with flexible sensor array can detect inner and outer surface cracks for pipes with different diameters, and both circumferential and axial cracks can be identified. The distance between the Bz peaks and troughs can measure the crack length. When the crack is offset from the center of the pickup coil, the adjacent pickup coil can compensate for the detection sensitivity.
I. INTRODUCTION
Pipes such as drill pipes, risers, and pipelines et al. are important components for well drilling, production, and transportation in petroleum industry [1] , [2] . However, due to the harsh service environment, it is prone to surface cracks on the inner and outer walls of the pipes [3] . What's more, cracks continue to expand in the presence of stress and corrosion, which will cause structural failure [4] . Therefore, regular inspection and evaluation of pipe cracks are necessary.
There are many detection methods for pipe cracks. Magnetic particle testing (MT) technology and penetrant flaw testing (PT) technology are the most commonly used non-destructive testing techniques, but they both need to remove the coatings and attachments on the pipe, which is time-consuming and costly. Magnetic flux leakage (MFL) detection technology can only detect ferromagnetic The associate editor coordinating the review of this manuscript and approving it for publication was Kai Li . pipes [5] , [6] . Ultrasonic testing (UT) technology requires coupling mediums and it is not sensitive to surface cracks [7] . Eddy current (EC) detection technology is a conventional electromagnetic non-destructive testing technology. It uses a higher excitation frequency to induce a circular non-uniform current field on the surface of the specimen, which results in its signal being sensitive to lift-off [8] .
Alternating current field measurement (ACFM) is an electromagnetic non-destructive testing technology, which has been widely recognized and accepted as one of the most reliable methods to detect surface-breaking cracks in metallic components [9] - [11] . ACFM induces a unidirectional current of uniform strength on the surface of the workpiece, which is different from the principle of EC [12] , [13] . It has the advantages of insensitivity to lift-off and no need to remove structural surface coatings, which has been widely used in crack detection of rails, welds and underwater structures [14] - [16] . As a key part of the detection system, a series of researches have been carried out on the form of ACFM probes. The traditional ACFM probe uses a U-shaped magnetic core, so it is only suitable for the detection of flat metal structures [17] - [19] . When the workpiece being inspected is a pipe, it is difficult for the probe to induce a uniform current of stable intensity on the surface of the pipe. The commercial ACFM micropencil probe that is manufactured by TSC is used to size the subsurface section of multiple cracks and determine the propagation angle for non-vertical surface-breaking cracks in rail and wheels [10] , [20] - [23] . However, the detection range of the micropencil probe is relatively small and the efficiency is relatively low. Li et al. proposed a feed-through ACFM probe with sensors array for pipe string cracks inspection [24] - [26] . Feng et al. presented an alternating current field measurement probe for pipeline inner inspection [27] . Ye et al. proposed a novel rotating current probe with GMR array sensors for steam generate tube inspection [28] , [29] . But the above-mentioned pipe detection probes are only applicable to pipes of one diameter. For pipes of different diameters, the probe needs to be remade and it results in higher detection costs.
In this paper, a novel ACFM probe with flexible sensor array is presented for the detection of inner and outer cracks in pipes with different diameters. This paper is organized in the following way. In Section 2, the simulation model of the flexible probe is built by the finite element method. The influences of the crack length, the lift-off and the offset distance of the crack from the pickup coil center on characteristic signal are analyzed respectively. In Section 3, the probe and the testing system are built. And pipe specimens are tested. Conclusion and future work are outlined in Section 4.
II. FINITE ELEMENT METHOD MODEL A. SIMULATION MODEL
The 3D FEM model of pipe cracks inspection is established by COMSOL Multiphysics and frequency domain magnetic response is chosen under the AC/DC module. The FEM model is shown in Fig. 1 , which includes a specimen, excitation coils, and pickup coils. The excitation coils are composed of two symmetrical rectangular coils. The rectangular coil has 50 turns and the lift-off is 0.4 mm. Sinusoidal signals whose frequency is 1000 Hz and current is 0.3A are loaded on the two rectangular coils respectively. The pickup coils turn is 9. The center distance between two pickup coils is 7.15 mm and its lift-off is 0.2 mm. The detailed parameters of the model are shown in Table. 1.
The surface current density of the specimen is extracted as shown in Fig. 2 . It can be seen from the figure that the excitation coil induces two symmetrical eddy current fields on the surface of the specimen, and the uniform electric field is generated in the middle of the two eddy current fields.
B. ANALYSIS OF DISTORTED CURRENT
In order to explore the disturbance principle of the cracks on the uniform electromagnetic field, the electric field distribution of the crack on the surface of the specimen is simulated. The crack (length = 10mm, width = 0.2mm, depth = 2mm) is in the outer wall of the pipe, which is located in the middle of the excitation coils and perpendicular to the direction of the induced current.
The current distribution is extracted is shown in Fig. 3 . It can be seen from Fig. 3a that when a crack exists, the surface current will bypass from both ends of the crack, one end is clockwise and the other end is counterclockwise. The current in the profile will bypass the bottom of the crack from Fig. 3b . The phenomena are consistent with the ACFM theory.
C. ANALYSIS OF CHARACTERISTIC SIGNALS
In order to obtain the relationship between the component of the magnetic field in the Z direction (Bz) and cracks of different lengths, the cracks(depth 2 mm, width 0.2 mm) of different lengths (10 mm, 20 mm, 30 mm, 40 mm, 50 mm) is simulated by parameterized scanning. The Bz signals with cracks of different lengths are shown in Fig. 4a . If the crack length is relatively short, the crack length has an effect on the distance ( L) between the Bz peaks and troughs and distortion of it. When the crack length is relatively long, it only affects the L. The relationship between the crack length and the L is shown in Fig 4b. The length information is reflected by the L. Due to the smaller lift-off of the sensor, the L can more accurately reflect the crack length compared to the traditional U-shaped probe.
In order to investigate the effects of lift-off on L, the probe at different lift-off are simulated, and the results are shown in Fig. 5 . It shows that the L becomes decreases as the lift-off increases. However, when the lift-off is increased by 3.8 mm, L only changed by 0.6 mm. Lift-off has little effect on the L.
Because the width of the crack is much smaller than the diameter of the pickup coil, the detection sensitivity is affected by the offset distance of the crack from the pickup coil center. Simulation analysis of cracks with different offset distances are shown in Fig. 6 . The farther the offset distance of the crack, the smaller the Bz distortion of the pickup coil A is shown in Fig. 7a , and the larger the Bz distortion of the pickup coil B is shown in Fig. 7b . The peak values of the two pickup coils (A and B) for the different offset distances are shown in Fig. 7c . It can be seen from the figure that the average value of the two pickup signal peaks remains almost unchanged for the different crack offset distances. It indicated that the adjacent pickup coil can compensate for the detection sensitivity when the crack is offset from the center of the pickup coil.
III. EXPERIMENTS A. PROBE AND TESTING SYSTEM
The ACFM probe made by flexible PCB and the testing system are established, as shown in Fig. 8 . The probe (length = 80 mm, width = 83mm) consists of excitation coils and pickup coils is shown in Fig. 8a . The excitation coils are composed of two symmetrically rectangular coils with 53 turns wire whose width is 0.2 mm. The spacing between wires is 0.15 mm. The probe has 7 pickup coils with the same wire width and distance as the excitation coils. Each pickup coils has 9 turns wires. The outer diameter of the pickup coil is 7 mm. The distance between each two adjacent excitation coils is 7.15 mm.
The testing system consists of a probe, an instrument, a computer and specimens is shown in Fig. 8b and Fig. 8c . The signal generator generates a sinusoidal signal, whose frequency is 1 KHz. The sinusoidal signal whose amplitude is 0.3 A is loaded on the excitation coils after power amplification. The pickup coils convert the changing magnetic field signal into a voltage signal. The voltage signal is filtered and amplified, then the output signal is converted into a DC signal by phase-locked amplification. The DC signal is digitized by a NI 6361 Capture card. Sample rate is 0.1 MS/s and sampling number is 1000. Digital signals are transmitted to a computer for processing.
B. EXPERIMENT ON CRACK INSIDE PIPE
The specimen is a ferromagnetic pipe (outer diameter = 130 mm, inside diameter = 110 mm) with an inner-wall circumferential crack (length = 30 mm, depth = 1.2 mm, width = 0.2 mm), as shown in Fig. 9a . The probe sweeps through the pipe, and the experimental results are shown in Fig. 9b . It can be seen from the figure that the probe with flexible sensor array can detect cracks inside the pipe. When cracks are present, the Bz signal shows a peak and a trough. The crack appears at a position below the channel 5.
C. EXPERIMENT ON CRACKS OUTSIDE PIPE
There are three axial cracks (depth = 4 mm, width = 0.5 mm) with different lengths (30 mm, 35 mm, 40 mm) outside the aluminum alloy pipe (outer diameter = 65 mm, inside diameter = 55 mm), as shown in Fig. 10a . The pipe is driven by the scanner (Fig. 8c) to pass through the probe at the speed of 5 mm/s. As shown in Fig. 10b , the space magnetic field around the cracks on the pipe is plotted. There are three peaks and troughs under the channel 4. Therefore, theBz signal of channel 4 is independently plotted is shown in Fig. 10c . It shows that the longer the crack, the longer L. The relationship between the crack length and L is shown in Table. 2. The measuring error of the crack length is given in Eqs. (1) .
where L is the actual length of the crack, the L is the distance between the Bz peaks and troughs and Error is the measuring error of the crack length. It shows that L is always shorter than the actual crack length, but the relative error is very small. The maximum error is only 3.05%. So L can be used to measure the crack length, and the simulation results have been verified. 
IV. CONCLUSION AND FUTURE WORK
In this paper, we present a novel ACFM probe with flexible sensor array for the detection of inner and outer cracks in pipes with different diameters. The simulation model of the ACFM probe with flexible sensor array is established to study the disturbance principle of uniform electromagnetic field by finite element software COMSOL. The effects of crack length and the lift-off on L are analyzed respectively. And the influences of the offset distance of the crack from the pickup coil center on detection sensitivity are explored. The flexible ACFM probe and the testing systems are established. The pipes with different diameters are detected. The results show the excitation coils can induce a uniform electromagnetic field on the surface of the test specimen. The further the crack is offset from the center of the pickup coil, the smaller the Bz distortion of the pickup coil. But when the crack is offset from the center of the detection coil, the adjacent pickup coil can compensate for the detection sensitivity. The flexible ACFM probe can detect both inner and outer surface cracks in pipes with different diameters, and both circumferential and axial cracks can be identified. The L reflects the length information of the crack. Lift-off has little effect on the L. Further work will focus on the detection and evaluation of other type defects.
